Introduction {#Sec1}
============

It is estimated that in 2020, two million new patients in the United States will be diagnosed with cancer, and many of these patients will eventually receive radiation therapy^[@CR1]^. Late effects of cancer treatments are becoming even more apparent as survival rates continue increasing. Collateral soft tissue damage is one of the most important dose-limiting factors in radiation therapy administration. The skin is extremely sensitive to radiation, and more than 95% of patients experience acute skin reactions. Acute skin damage may progress to radiation-induced skin fibrosis (RIF) over weeks to years, characterized by dermal induration and microvascular intimal thickening, leading to hypoperfusion and hypoxia^[@CR2]--[@CR7]^. When RIF is severe, significant cosmetic and functional consequences may result which can substantially impact quality of life, including loss of range of motion and muscle strength^[@CR6]^. The pathogenesis of RIF is multifactorial and remains incompletely understood; however, emerging evidence has suggested that targeting pathways of inflammation, cell death, and reactive oxygen species (ROS) generation may mitigate the effects of radiation^[@CR8]^.

An important contributor to RIF is the acute rise of ROS and apoptotic proteins, which have been found to be pathologically elevated in irradiated tissue^[@CR9],[@CR10]^. Other key factors contributing to excessive soft tissue fibrosis include activation of fibroblasts and damage to microvascular endothelial cells^[@CR11]--[@CR13]^, which are both exacerbated by ROS activity^[@CR14]--[@CR19]^. Wound healing requires a delicate balance between ROS-generating cells (which help to clear tissue debris, apoptotic cells, and microorganisms) and ROS-neutralizing enzymes that limit the damage wrought by ROS in wound tissue^[@CR18]^ that is dysregulated in chronic wounds such as diabetic foot ulcers and chronic venous leg ulcers^[@CR19]^. Therapeutics with anti-inflammatory and antioxidant effects, such as topical esomeprazole, have thus been studied for their ability to attenuate dermal inflammation and fibrosis and accelerate healing following radiotherapy^[@CR20]^.

Iron plays a critical role in catalyzing the formation of ROS via the Haber--Weiss and Fenton reactions, which result in oxidative stress^[@CR21]--[@CR23]^ and cellular apoptosis^[@CR24]--[@CR26]^. Interestingly, patients with chronic wounds have also been found to have higher concentrations of iron in blood, wound tissue, and wound exudates^[@CR27]--[@CR29]^. As such, there have been multiple investigations into the therapeutic effects of iron chelators and wound healing.

Deferoxamine (DFO) is a United States Food and Drug Administration (FDA)-approved agent commonly used to treat conditions associated with iron overload and is the most well-studied iron chelator^[@CR30]^. DFO has been demonstrated to reduce levels of iron-catalyzed reactive oxygen species in pressure-induced diabetic ulcers and prevent ulcer formation if given prophylactically^[@CR31]^. DFO also stabilizes hypoxia-inducible factor-1 alpha (HIF1α), enabling it to consequently translocate to the nucleus and act as a transcription factor for a number of potent pro-angiogenic genes, including vascular endothelial growth factor (VEGF) and endothelial nitric oxide synthase^[@CR32]^. The downstream result is improved tissue vascularization and numerous studies show DFO treatment reduces tissue hypoxia associated with skin flaps^[@CR33]^, irradiated bones^[@CR34],[@CR35]^, and diabetic wounds^[@CR31]^.

Radiation damage of the skin is a slow progressive process that is particularly difficult to reverse. Current treatments for RIF are limited, with most therapeutic strategies showing only minimal benefit in well-designed clinical trials, and no effective prophylactic regimen exists. Ideal treatment approaches would either be prophylactic in nature or target the earliest stages of this pathologic process to limit the ultimate severity of collateral irradiation (IR) induced injury. We hypothesized that DFO administration using a transdermal drug delivery system (TDDS) (Fig. [1](#Fig1){ref-type="fig"}A) would reduce levels of ROS, improve tissue vascularity, and mitigate the downstream severity of late, chronic RIF.Figure 1Overall experimental design and strategy. (**A**) DFO was delivered topically via a TDDS. DFO is dispersed within a biodegradable polymer, complexed with polyvinylpyrrolidone and surfactants to form reverse micelles which stabilize its amorphous form and promote tissue permeation over 24 h (red arrow). (**B**) Schematic showing the four experimental groups and timeline. Mice received either: (1) IR alone (IR only), (2) DFO treatment for two weeks after recovery from IR (DFO post-IR), (3) DFO treatment with two weeks of prophylactic treatment as well as through and post-IR (DFO ppx), or (4) no irradiation or DFO (No IR). The blue rectangles represent treatment with DFO patches. (**C**) Photograph of mouse following irradiation and recovery. Non-irradiated mouse scalp (left, No IR) and irradiated mouse scalp (right, IR) following recovery showing visibly dry, discolored skin associated with radiation injury. (**D**) Photographs of mice with the DFO patch secured. The DFO TDDS was adhered to leukotape and stabilized to the mouse scalp using thin strips of superglue at the rostral and caudal ends, and 3 anchoring sutures. The DFO TDDS in situ is shown from the aerial (left) and profile (right) views.

Results {#Sec2}
=======

DFO decreases levels of ROS, apoptosis markers, and fibrotic fibroblasts in irradiated skin {#Sec3}
-------------------------------------------------------------------------------------------

Adult CD-1 Nude immunocompromised mice were irradiated and treated with different DFO regimens according to the schematic outlined in Fig. [1](#Fig1){ref-type="fig"}B. The radiation dosage and delivery protocol, adapted from published reports^[@CR36]--[@CR38]^, was observed to generate manifestations of chronic injury including dry, stiff skin and discoloration after recovery (Fig. [1](#Fig1){ref-type="fig"}C). Prophylactic treatment, with transdermal DFO patches changed daily (Fig. [1](#Fig1){ref-type="fig"}D) was initiated two weeks prior to the start of IR and continued throughout the IR period, after which a subset of the mice was sacrificed to evaluate the immediate effects of IR. Upon completion of IR, DFO prophylaxis (DFO ppx) was associated with significantly decreased levels of iron in the dermis (\*\*p \< 0.01) (Fig. [2](#Fig2){ref-type="fig"}A). To assess ROS in the skin, samples were stained for dihydroethidium (DHE). DHE produces fluorescence when oxidized by superoxide molecules and is used as a molecular probe for free radicals^[@CR39]^. DHE fluorescence was significantly more intense in the untreated group than in the DFO ppx group (\*\*\*\*p \< 0.0001), indicating that prophylactic DFO treatment decreased ROS generation (Fig. [2](#Fig2){ref-type="fig"}B). Similarly, the apoptosis markers Bax and Cleaved Caspase-3 were significantly lower in the DFO ppx group than in the untreated group (\*p \< 0.05 and \*\*p \< 0.01, respectively) (Fig. [2](#Fig2){ref-type="fig"}C). Previous reports have shown Dlk1 to be a marker of a profibrotic fibroblast lineage^[@CR40]^. We therefore assessed Dlk1 + populations in the dermis and found a decrease in Dlk1 + cells in irradiated tissue treated with prophylactic DFO compared with untreated skin (\*p \< 0.05) (Fig. [2](#Fig2){ref-type="fig"}D), suggesting that DFO prophylaxis may result in changes to dermal cellular subpopulations.Figure 2Effects of DFO treatment on levels of reactive oxygen species (ROS), apoptotic markers, and fibroblast subpopulations immediately after completion of IR. (**A**) Representative images of Prussian Blue-stained slides showing significantly decreased levels of iron in the mice that received prophylactic DFO treatment for two weeks prior to, and during, irradiation (\*\*p \< 0.01) compared with mice that received no treatment. (**B**) Quantification of dihydroethidium (DHE), an indicator of ROS. DHE intensity significantly decreased with DFO prophylaxis (\*\*\*\*p \< 0.0001), indicating that DFO reduces ROS levels in the skin. (**C**) Enzyme-Linked Immunosorbent Assays (ELISAs) of apoptotic markers showing significant decreases in the apoptotic markers Bax and Cleaved Caspase-3 in the prophylactic treatment group (\*p \< 0.05 and \*\*p \< 0.01, respectively). Box-and-whisker plots are shown with bounds from the 25^th^ to 75^th^ percentile, median line, and whiskers representing the range of the data. (**D**) Quantification of dermal cellular subpopulations. Prophylactic DFO treatment was associated with a significant decrease in profibrotic Dlk1 + cells (\*p \< 0.05). For all experiments, n = 4 per group and statistical analyses were performed using unpaired two-tailed t test with Welch's correction.

DFO improves tissue perfusion following IR {#Sec4}
------------------------------------------

Tissue perfusion was assessed by laser doppler analysis (LDA) (Fig. [3](#Fig3){ref-type="fig"}A,B). Following IR therapy, scalp perfusion was already noted to decrease in the untreated group while prophylactic DFO was found to significantly mitigate the early detrimental effects of IR on tissue perfusion (\*p \< 0.05) and resulted in perfusion similar to nonirradiated skin (Fig. [3](#Fig3){ref-type="fig"}C). At the final timepoint six weeks post-IR, scalp perfusion was further reduced in the untreated group and was significantly worse compared to that of the non-irradiated mice (\*\*p \< 0.01). Treatment with DFO post-IR only was associated with improved tissue perfusion while the greatest improvement in perfusion was noted in the DFO ppx group (Fig. [3](#Fig3){ref-type="fig"}D).Figure 3Laser doppler analysis and vascularity of scalp skin. (**A**) Representative photograph showing a CD1 Nude mouse with the region of interest (ROI) represented by the overlying white box*.* (**B**) Representative images of mouse scalps showing perfusion immediately following IR (left; without DFO \[top\] or with DFO prophylactic treatment \[bottom\]) and 6 weeks after IR (right). Black/dark blue colors represent lower perfusion and yellow/red colors represent higher perfusion. (**C**) Quantification of the laser doppler perfusion index immediately following IR (\*p \< 0.05, \*\*p \< 0.01) and (**D**) 6 weeks after IR (\*\*p \< 0.01). (**E**) Immunohistochemical staining showing vascular density in all four groups of mice. Endothelial cells were stained with CD31 (PECAM, red) and nuclei were stained with DAPI (blue). Scale bar: 100 μm. (**F**) Quantification of mean pixels positive for CD31 in all four groups of mice. The skin of non-irradiated mice was significantly more vascularized than the skin of irradiated mice receiving no DFO treatment (\*\*\*\*p \< 0.0001) and DFO post irradiation only (\*\*\*p \< 0.001). The skin of mice receiving prophylactic DFO treatment was significantly more vascularized than the skin of irradiated mice receiving no DFO (\*p \< 0.05). For all experiments, n = 4 per group and statistical analyses were performed using one-way ANOVA with post-hoc Tukey test.

DFO enhances neovascularization {#Sec5}
-------------------------------

Paralleling perfusion studies, histologic analysis revealed that the skin of non-irradiated mice was significantly more vascularized than the skin of irradiated mice not treated with DFO (\*\*\*\*p \< 0.0001). At the final timepoint, the skin of mice treated with DFO post-IR did not show significant improvement in vascularity by CD31 staining compared with the skin of irradiated mice receiving no treatment. However, the skin of mice in the DFO ppx group was as vascularized as the skin of non-irradiated mice and significantly more vascularized than the skin of irradiated mice not receiving DFO (\*p \< 0.05) (Fig. [3](#Fig3){ref-type="fig"}E,F).

DFO decreases dermal thickness and promotes remodeling of collagen fiber networks {#Sec6}
---------------------------------------------------------------------------------

To evaluate whether DFO treatment could mitigate the fibrotic changes of IR seen in the skin, dermal thickness was evaluated. Analysis of hematoxylin and eosin-stained skin revealed that IR significantly increased dermal thickness (\*\*\*\*p \< 0.0001). The dermis of the skin of mice in the DFO post-IR group was less thick, with mice in the DFO ppx group showing the least dermal fibrosis (Fig. [4](#Fig4){ref-type="fig"}A \[top row\],B). Collagen fiber networks in mouse scalp skin were visualized with Picrosirius Red staining (Fig. [4](#Fig4){ref-type="fig"}A bottom row) and a novel computational algorithm was used to determine the collagen fiber network characteristics in the four groups of mice^[@CR41],[@CR42]^. The results, represented in 2-dimensional space using a T-Distributed Stochastic Neighbor Embedding (TSNE plot), indicate that the collagen fibers in the skin of mice receiving prophylactic DFO treatment were most similar to the fibers in the skin of non-irradiated mice and different from those of irradiated skin (Fig. [4](#Fig4){ref-type="fig"}C and Supplemental Fig. [1](#MOESM1){ref-type="media"}A--C).Figure 4Histological analysis of skin with quantitative scar analysis. (**A**) Representative images of Hematoxylin and Eosin- (top row) and Picrosirius Red-stained slides (bottom row) showing the histological structure and collagen fiber networks in mice of all four treatment groups. Scale bars: 100 μm (top row), 50 μm (bottom row). Black dotted lines show the dermal thickness. (**B**) Quantification of dermal thickness in mice of all four treatment groups. Non irradiated skin was thinner than irradiated skin (all \*\*\*\*p \< 0.0001, n = 4, one-way ANOVA with post-hoc Tukey test), and DFO treatment decreased dermal thickness, with the greatest benefit found in mice receiving continuous DFO treatment compared to DFO post irradiation only. (**C**) T-Distributed Stochastic Neighbor Embedding (TSNE) plot representing the grouping of collagen fiber network parameters in mice of all four conditions. The collagen fibers in the skin of mice receiving prophylactic DFO treatment ('IR ppx DFO'; red) clustered with the fibers in the skin of non-irradiated mice ('No IR'). Geometric shapes were drawn in the bottom left to approximate the distribution of each cluster.

Discussion {#Sec7}
==========

Skin fibrosis and its long-term sequelae are frequent and often unavoidable side effects for many patients treated with radiation therapy. In addition to aesthetic concerns, fibrosis may significantly alter tissue form and function and profoundly impact patient quality of life^[@CR43]^. RIF is a progressive disease that worsens over months and years following radiation treatment. As such, preventing subsequent RIF prior to initiation of radiation or targeting treatment at the earliest stages may minimize long term severity and thus provide the most therapeutic benefit. Our results show that topical administration of DFO can reduce levels of ROS and apoptotic markers, improve skin perfusion, increase skin vascularity, and decrease the degree of skin fibrosis, with the greatest benefit observed in mice receiving continuous DFO treatment initiated prior to irradiation.

A major mechanism by which RIF manifests in the skin is through damage to the microvasculature. In the first 24 h following IR, leukocytes infiltrate blood vessels and fibrin plugs form, likely contributing to the early decreases in perfusion seen following radiation therapy.

The endothelial cells which line blood vessels subsequently swell and undergo hyperplasia, leading to perivascular fibrosis, small vessel obliteration, hypoperfusion, and ultimately tissue hypoxia^[@CR11]--[@CR13],[@CR44]^. Conditions of low oxygen tension, in concert with direct cellular injury through ionizing radiation, stimulate increased expression of collagen type 1 alpha 1 (COL1A1), and ultimately lead to the development of tissue fibrosis^[@CR45]^.

Immune cells, particularly neutrophils and macrophages^[@CR18]^, hypoxic environments, and radiation itself also promote the production of ROS. ROS may then induce the differentiation of fibroblasts into myofibroblasts, major secretors of extracellular matrix proteins including collagens, and exacerbate fibrosis^[@CR17],[@CR46]^. In light of this, antioxidants such as melatonin have been studied for their protective effects against radiation injury. However, despite studies in mice showing promise for melatonin in mitigating injury to the hematopoietic system, its role in preventing skin fibrosis has yet to be investigated^[@CR47]^. Clinically, regimens consisting of pentoxifylline, a methylxanthine derivative used to improve locoregional blood flow, and vitamin E, an antioxidant, have been variably prescribed to treat patients with radiation fibrosis^[@CR48]--[@CR51]^. Despite some reported benefit, poor patient tolerance has unfortunately resulted in low compliance limiting their routine use^[@CR52]^. Rebound fibrosis following cessation of therapy has also been observed^[@CR53]^.

Prior studies in mice have shown promise for use of DFO in the treatment of RIF^[@CR38]^. Serial injections of DFO into irradiated tissue prior to fat grafting was observed to increase perfusion in the overlying skin and improve retention of fat graft volumes, thereby mitigating some of the detrimental fibrotic effects of radiation therapy. Lipotransfer has also been successfully used in patients with head and neck malignancies to improve functional and aesthetic outcomes of RIF^[@CR54],[@CR55]^. Repeated injections as well as potential for donor site morbidity at fat graft harvest sites, however, can damage the soft tissue and raise concerns regarding patient comfort and compliance with each of these approaches. In this manuscript, we show that transdermal DFO administration can significantly improve tissue perfusion and vascularity in irradiated skin using LDA and histological staining for CD31, respectively. The observed protective role of DFO in minimizing RIF noted in this study may be attributed to its downstream pro-angiogenic effects as well as with reduction in levels of ROS, both of which are associated with DFO's ability to locally chelate free iron.

We also observed that prophylactically treating mice with DFO significantly decreases levels of Bax and Cleaved Caspase-3, markers of reactive oxygen species and apoptosis. These observations parallel those found by Duscher et al. who noted similar reduction in both of these markers with DFO pretreatment resulting in reduced wound formation from pressure-induced tissue ischemia^[@CR31]^. Evaluation of other markers, such as the intrinsic apoptotic pathway inhibitor Bcl2, may further punctuate these findings in subsequent investigations. Scalp perfusion was also significantly improved with DFO prophylaxis immediately after IR, and continued treatment out to six weeks post-IR preserved much of this gain. Furthermore, prophylactic treatment was significantly more effective than post-IR treatment alone, as demonstrated by improved vascularity via CD31 staining, decreased dermal thickness, and detailed analysis of collagen fiber networks. These findings interestingly were associated with a significant reduction in Dlk1 + fibroblasts, a subpopulation of dermal fibroblasts associated with a more profibrotic phenotype, which may have contributed to subsequent differences observed in the extracellular matrix^[@CR40]^.

Importantly, while the scalp of CD-1 Nude immunocompromised mice has been previously established for use in the study of RIF, particularly with respect to the investigation of human lipoaspirate transplantation on fibrosis^[@CR36]--[@CR38]^, this animal may limit the ability to evaluate contribution of the immune system to injury following radiotherapy. There are also many differences between mouse skin and human skin^[@CR56],[@CR57]^; further testing in animal models possessing more structural similarity to human skin, such as pigs^[@CR58]^, is needed. Still, these data represent a significant advancement in identifying transdermal DFO as a potential therapeutic for RIF.

Radiation therapy is an elective treatment, often planned weeks or months in advance. Thus, pre-treating the skin with transdermal DFO during this early time window may mitigate development of skin fibrosis and could have profound translational benefits for patients with cancer.

Methods {#Sec8}
=======

Animals {#Sec9}
-------

Female adult 60-day-old CD-1 Nude immunocompromised mice (Crl:CD1-Foxn1nu, Charles River) weighing between 22--24 g were used for experimentation (total n = 24), given their use in multiple prior reports for study of radiation injury at the scalp as well as previously published work on DFO therapy^[@CR36]--[@CR38]^. Male mice were excluded from use in this study due to more aggressive behavior and frequent removal of DFO patches in our preliminary experiments. All mice were maintained at the Stanford University Research Animal Facility (4 animals/cage) in sterile micro-insulators and were given laboratory-grade acidified water (Aquavive Mouse Water, Innovive, M-WB-300A) and rodent chow ad libitum, in accordance with Stanford University guidelines. High fat rodent chow was provided upon initiation of radiation for all animals and animals were observed every day for the duration of the study. All experiments were performed under approved APLAC protocols (APLAC \#31212) in accordance with the Stanford University Animal Care and Use Committee Guidelines.

Transdermal DFO delivery {#Sec10}
------------------------

DFO was delivered topically via a monolithic matrix-type transdermal patch delivery system (TDDS) containing DFO dispersed within a biodegradable polymer^[@CR31],[@CR59]^. The patches provide sustained release of the active ingredient. DFO is hydrophilic and complexed with polyvinylpyrrolidone to stabilize its amorphous form and promote permeation throughout the skin over 24 h, at a concentration of 1% DFO^[@CR31]^. Mice were randomized into four experimental groups on the first day of patch placement: (1) IR alone (IR only, n = 8), (2) DFO treatment for two weeks after recovery from IR (DFO post-IR, n = 4), (3) DFO prophylaxis with treatment through and post-IR (DFO ppx, n = 8), or (4) no irradiation or DFO (No IR, n = 4). Mice in the DFO post-IR group were treated with DFO for two weeks, beginning after a 4-week recovery period following completion of IR, adapted from a protocol described by Flacco et al*.*^[@CR38]^. Patches were changed daily for the 14-day treatment period. Dosage delivery with each patch was also determined based on this previously published work^[@CR38]^. Prophylactic DFO treatment began 2 weeks prior to the initiation of IR and continued until mice were sacrificed. The DFO TDDS was affixed to leukotape for reinforcement, and attached to the mouse skin overlying the calvarium using superglue at either end, with three anchoring sutures and a band of leukotape secured under the mouse jaw (Fig. [1](#Fig1){ref-type="fig"}D). Mice not receiving DFO were similarly treated with a control patch containing no medication. All patches were changed every 24 h^[@CR59]^.

Irradiation {#Sec11}
-----------

Mouse scalps were irradiated using a Kimtron Polaris SC-500 x-ray machine (Kimtron, Inc., Oxford, Connecticut, USA). Animals were placed on a plastic holder and irradiated using a lead jig that only exposed the scalp^[@CR36]^. 30 Gy was delivered in six 5 Gy doses every other day, across 12 days total, with a 4-week recovery period. The radiation source was a 225 kV X-ray tube filtered by 0.5 mm Cu. The half-value layer was measured as 1.08 mm Cu. A PTW Farmer Ionization chamber was used to measure exposure in air and the dose rate of 1.39 Gy/min was calculated using AAPM report TG-61^[@CR60]^. Radiochromic film dosimetry was used to measure the output factors for specific shield and jig setups. Commissioning was performed by the manufacturer at the time of installation and was verified by semi-annual dosimetric calibration using the procedure above. Dosing and fractionation protocols were selected based on previously published studies on RIF at this site^[@CR36]--[@CR38]^.

Tissue harvest {#Sec12}
--------------

Skin was harvested for evaluation at two different timepoints. The first set of mice was sacrificed following completion of IR to assess the immediate effects of IR and prophylactic DFO on the skin. At this timepoint, because the IR only and DFO post-IR groups are equivalent (having received irradiation but no DFO treatment), half (4/8) of the mice were sacrificed from the IR only group. Half (4/8) of the mice in the DFO ppx group were also sacrificed at this time for early analysis. Tissues were harvested immediately after the conclusion of IR for ROS assays at the time where oxidative stress is highest during and within hours after radiation insult^[@CR61],[@CR62]^. Scalp skin was either fixed in 4% paraformaldehyde (PFA, Electron Microscopy Sciences, Cat\#15710) at 4 °C for 18 h, snap frozen in OCT, or directly stored at − 80 °C for histological analysis, ROS detection, or protein quantification, respectively. The remaining mice across all four groups (n = 4/group) were sacrificed six weeks after the completion of IR to assess chronic effects of IR on the skin^[@CR4]^. Scalp skin was fixed in 4% PFA at 4 °C for 18 h and similarly processed for histological analysis.

Iron stain {#Sec13}
----------

Fixed specimens were processed and embedded in paraffin for sectioning at 10 µm. To detect iron deposits, Prussian Blue staining was performed using a modified version of the manufacturer's protocol (Abcam, ab150674). Briefly, tissue sections were deparaffinized, rehydrated, incubated with a 1:1 mixture of potassium ferrocyanide and hydrochloric acid for 20 min. Sections were then rinsed in water, counterstained in nuclear fast red stain for five minutes, rinsed in water, dehydrated, and mounted onto glass slides. Imaging was performed on 15 randomly chosen sections per group using a 20X objective of a Leica DM5000 B light microscope (Leica Microsystems, Buffalo Grove, Ill.). The percentage of Prussian blue-stained area was quantified using ImageJ.

Dihydroethidium stain {#Sec14}
---------------------

Harvested tissue was immediately embedded in OCT, sectioned at 10 µm, and mounted onto glass slides. Slides were rinsed in phosphate buffered saline (PBS, Gibco, 10010023), incubated with 10 µM of dihydroethidium (DHE, ThermoFisher Scientific D1168) in a light-protected humidified incubator at 37˚C for 30 min, rinsed in PBS, and mounted with slide coverslips using DAPI Fluromount-G (SouthernBiotech, 0100-20). Images were taken using the LSM 880 inverted confocal microscope (Airyscan, GaAsP detector, 880, Beckman) immediately. Staining was quantified by measuring the average intensity of ten randomly selected images per group on ImageJ.

Enzyme-linked immunosorbent assay (ELISA) {#Sec15}
-----------------------------------------

Snap frozen tissues were mechanically homogenized using RNase-free pellet pestles (Fisher Scientific, 12-141-368), rinsed in cold PBS, and incubated in cell extraction buffer. Homogenates were incubated on ice for 20 min then centrifuged at 18,000*g* for 20 min at 4 °C. The supernatants were assayed immediately for levels of apoptotic markers using the Human Bax ELISA Kit (Abcam, ab199080) and Cleaved Caspase-3 DuoSet IC ELISA Kit (R&D Systems, DYC835-2) according to the manufacturers' protocols. Optical densities were read on a plate reader (Infinite M Nano + , Tecan Group Ltd.) at 450 nm. Raw readouts were analysed using standard curves as references for quantification.

Immunofluorescence {#Sec16}
------------------

For assessment of dermal cellular subpopulations, sections were deparaffinized, rehydrated, underwent trypsin enzymatic antigen retrieval (Abcam, ab970), blocked with 1X Power Block (BioGenex, HK083-50K) for one hour, incubated with primary antibody diluted in 0.1X Power Block for at least one hour, and incubated with secondary antibody for one hour, washed in PBS, and then mounted onto glass slides in DAPI Fluormount-G. Images were taken using the LSM 880 inverted confocal microscope using a standard field (1,024 × 1,024) for all images. Quantification of immunofluorescence was performed using ImageJ (National Institutes of Health, Bethesda, MD) with pixel-positive area per high-power field measured within the dermis.

All antibodies were validated by running the appropriate negative (primary only, secondary only, and staining buffer with no primary or secondary) and positive (stained tissue known to express antigen of interest) controls within each assay to determine effective targeting of the proteins of interest. Antibody concentrations were optimized by performing dose-dependent curves based on the manufacturers' recommended antibody staining concentrations. Based on the results, all primary and secondary antibodies were used at a concentration of 1:100 and 1:1,000, respectively.

Primary antibodies used included: anti-Dlk1 primary antibody (ab119930) to assess dermal cellular subpopulations and anti-mouse CD31 (PECAM, Abcam, ab28364) to assess vascularity. Secondary antibodies used included: Alexa Fluor 488 conjugated secondary antibody (ThermoFisher Scientific, A-11001) and Alexa Fluor 647 conjugated secondary antibody (Abcam, ab10079).

Laser doppler analysis {#Sec17}
----------------------

Laser Doppler analysis (LDA) was performed to measure perfusion at the irradiated site. A Perimed PIM 3 laser Doppler perfusion imager (J.rf.lla, Sweden) was used. The signal generated by the laser Doppler analysis (laser Doppler perfusion index) was used for comparative purposes. This index is a product of the blood cell velocity and concentration, and is represented by a color spectrum, with black/dark blue representing low perfusion and red representing high perfusion. LDA was performed immediately after irradiation and 6 weeks after irradiation. Mice were anesthetized (isoflurane; 2--3% induction, 1--2% maintenance), and placed on a heat pad for 5 min before measurements were taken in the region of interest (ROI) across the mouse scalp. Five images were taken of each mouse and the average laser Doppler perfusion index of the five images was recorded, to give a single mean value per mouse.

Dermal thickness and collagen fiber networks {#Sec18}
--------------------------------------------

For assessment of dermal thickness and collagen fiber networks, sections were stained with Hematoxylin and Eosin (H&E, Abcam, Cambridge, Mass., ab245880) and Picrosirius Red (Abcam, ab150681), respectively, using standard protocols. The dermis was defined as the vertical distance from the basal layer of the epidermis to the underlying hypodermis and was measured on 10 randomly chosen sections per mouse per condition using a 20 × objective. For assessment of collagen fiber networks, Picrosirius-stained skin was imaged using polarized light and the 40 × objective (25 images per mouse for a total of 100 images per condition) on the Leica DM5000 B light microscope.

Neural network analysis of collagen fiber networks {#Sec19}
--------------------------------------------------

Images of Picrosirius Red-stained slides were captured at 40 × and then color deconvoluted, converted to gray scale, binarized, and skeletonized using a novel algorithm run in MATLAB with Image Processing Toolbox (R2018b, MathWorks, Natick, MA)^[@CR41]^. From the skeletonized images, 13 parameters of red collagen fibers were extracted (brightness, number, length, width, persistence, angle, branchpoints, euler number, extent, perimeter, solidity, eccentricity, equivalent diameter), measured using the regionprops command^[@CR42]^, and underwent dimensionality reduction to generate 2 dimensional t-Distributed Stochastic Neighbor Embedding (TSNE) plots to visualize collective differences in the collagen fiber network patterns between groups. Geometric shapes were drawn to approximate the distribution of each cluster.

Statistics {#Sec20}
----------

Sample size was calculated using power analysis, with a minimum sample size of 4 per group needed to detect a difference of 10 µm in skin perfusion between DFO-treated and control-treated groups with a power of 80% at a significant level of 0.05. This calculation was based on our prior work on the effects of DFO in irradiated tissue^[@CR38]^. Quantification of data were performed by S.A., N.M.D.D., and R.A.P., who were all blinded to the group assignment. All statistical tests were performed using PRISM (Graphpad) software. Unpaired two-tailed t test with Welch's correction were used to compare between the DFO and no DFO groups. One-way ANOVA with post-hoc Tukey test was used to compare between more than two groups. All data are presented as the mean and standard error of the mean (SEM). A value of \*p \< 0.05 was considered statistically significant.
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